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ABSTRACT

In a cooperative research effort between The Puerto Rico
Center for Energy and Environment Resecrch, Kaiser Aluminum and
Chemical Corporation and The Trane Comv»any, a six month study
was made of the seawater corrosion nerformance of various
aluminum materials to test their suitability for use in seawater
heat exchangers. The materials tested included bare 3004 tubes,
7072 Alclad 3004 tubes and bare and zinc diffusion treated 3003
extrusions from a brazed aluminum, plate-fin heat exchanger
developed by The Trane Company. The test materials were exposed
to 1.8 n/sec flowing seawater aboard an open ocean test facility
moored 3.4 km off the southeast coast of Puerto Rico. After six
months exposure, the average corrosion rates for most varieties
of aluminum materials converged to a low value of 0.015 mm/yr
(0.6 mils/yr). Pitting did not occur in bare 3003 and 3004
samples during the six month test. Pitting did occur to varying
degrees in the 1lclad and zinc diffusion treated material, but
did not penetrate to the base metal. Biofouling countermeasures
(intermittent chlorination and brushing) did not affect the
corrosion rates to any significant extent. Intermittent
chlorination at a level of 0.5 ppm for 28 minutes daily
controlled microbiofouling of the samples but did not prevent
the development of a macrobiofouling community in areas of the
plumbing with low flow.
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1. INTRODUCTION

Historically, aluminum has not been widely used for
seawater heat exchangers because of its susceptibility to
localized corrosion attack, mainly in the form of pitting and
crevice corrosion. The life of aluminum in seawater can be
greatly extended by the application of a sacrificial cladding
layer such as 7072 alloy, which contains 1% zinc, to a conven-
tional aiuminum alloy such as 3003 or 3004. The purpose of the
sacrificial cladding layer is to prevent pitting from extending
into the core material. Past experience with 7072 Alclad 3004
products for purposes such as roofing, irrigation pipes and
culverts, etc. has been encouraging. In his review of candidate
materials for OTEC heat exchangers, LaQue has concluded that
Alclad tubing could last for as long as ten years (l).

Alclad tubes are well suited for use in shell-and-tube-type
heat exchangers, but the use of cladding layers in plate-fin-
type heat exchangers is not generally practical. Conventional
brazed heat exchangers face the additional problem of severe
crevice corrosion when exposed to seawater. The Trane Company
has developed a brazed aluminum, plate-fin heat exchanger
specifically for use in seawater environments (2,3). By using
one-piece hollow extrusions for the seawater passages, crevice
corrosion sites are entirely eliminated. Pitting corrosion is
controlled by a patented zinc-diffusion process applied after
the heat exchanger has been brazed. The resulting integral

layer of zinc-aluminum alloy was expected tc provide 7072



Alclad-type protection to reduce pitting attack on the base
alloy (4).

As a rule, the rate of corrosive attack on aluminum
surfaces exposed to seawater decreases as a function of time.
Two factors appear to contribute to this progressive reduction
in corrosion rate with time. The most obvious is the build-up
of a hard layer of aluminum oxide on the exposed surface. 1In
addition, LaQue has suggested that the accumulation of biogrowth
on aluminum surfaces exposed to seawater may help protect these
surfaces from corrosive attack (1). In order to maintain heat
transfer efficiency in seawater heat exchangers at an acceptable
level, it is necessary to periodically employ some form of
biofouling countermeasures. These can be either mechanical
(e.g. brushes, sponge balls, abrasive slurries, etc.) or
chemical (e.g. chlorination). However, periodic mecharical
cleaning may remove the protective inorganic and organic films
covering the metal surfaces and expose fresh surfaces thereby
greatly increasing the corrosion rate of the metal and, in
addition, may erode the surface. The effect of chlorinatirn on
corrosion rates of aluminum surfaces exposed to seawater has not
been evaluated extensively.

The object of the present investigation was to test the
corrosion resistance of roll formed and welded (RFW) 7072 Alclad
3004 and of zinc-diffusion protected 3003 aluminum extrusions
under conditions which simulated the *open ocean heat exchanger
environment which would be experienced, for example, by an Ocean

Thermal Energy Conversion power j»iant evaporator. The materials



were exposed to a flow of open ocean water at 1.8 m/s the
consequent biofouling resulting from this exposure and to
biofouling countermeasures (brush cleaning and chlorination).
Uninterrupted flow was maintained through the system from the
time flow was intitiated, on 28 May 1981, until the end of the
experiment on 28 November 1981.

This project was a joint undertaking of the Center for
Energy and Environment Research (CEER) of the University of
Puerto Rico, The Trane Corporation, Kaiser Aluminum and Chemical
Corporation, and Solar America Inc. Argonne National Laboratory
of the U.S. Department of Energy provided the test facility

along with technical aid.

2.  TEST SITE

The experiment was conducted at a potential OTEC site off
Punta Tuna on the southeact coast of Puerto Rico (Figure 1).
The site (17° 57.6' N, 65° 51.9' W) lay approximately 3.4 km off
the Puerto Rico coast where the water depth was 1107 m deep.
Several site characterization studies have been conducted at
this location (5,6,7,8). Figure 2 shows a plot of temperature
vs. depth at the site.

A tension moored bucy system designed by Mr. Daniel C.
Probert of the Naval Air Development Center in Key West, Florida
was placed at the site. The system consisted of a 1360 kg
Danforth anchor, a 1000 m section of 2.54 c¢cm stud link chain, a
1000 m section of 4.6 cm Kevlar line, and a four meter diameter

light buoy. The research platform was attached to the mooring
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by a 120 m section of 4.6 cm nylon line.

3. TEST FACILITIES

3.1 RESEARCH PLATFORM. The vessel used as a research

platform was a Landing Craft, Utility (LCU) which had been an
active vessel of the U.S. Army Heavy Boat Company of Moorehead
City, North Carolina until the summer of 1978 when it was
transferred to the DOE for OTEC experimental use (Figures 3 and
4). The LCU was a 320 ton vessel, 35 m long with a 10.4 m beam
and was powered by three 165 hp diesel engines. Electrical
power for housekeeping purposes was provided by two 20 kW DC
diesel-electric generators. The LCU proved to be ideal for use
as a research platform because it had approximately 150 m2 of
open, usable deck area, boat motion was minimal during normal
weather due to its wide, flat bottom, and because it could
accomodate up to 14 people. A detailed description of the

research platform can be found in earlier puplications (9,10).

3.2 MODIFICATIONS TO VESSEL. The following modifications

were made to the LCU for use as an open ocean, heat exchanger
corrosion and biofouling test facility.

a) A V.46 m diameter well was made through the deck
n2ar the center of the vessel. The seawater intake and exhaust
hoses passed through this well.

b) An "A" frame was placed over the well (Figure 5)
to support a weighted cable to which the intake and exhaust

hoses were attached.
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c) Two support frames (Figure 6) were situated fore
and aft of the well. Each frame held three pumps and two
experimental modules.

d) An air-conditioned, fiberglass house was placed
beside the well to house the data acquisition system and other
electronics.

e) Two 50 KVA, diesel-electric AC generators were
added on deck to supply power for the experiment. The
generators were rotated daily.

f) Two of the ballast tanks were converted to fuel
tanks to increase the fuel capacity.

g) The deck was covered by a canopy to provide

partial protection from the sun and the rain.

3.3 FLOW SYSTEM. The flow system (Figure 7) was designed

by Southwest Research Laboratory of San Antonio, Texas according
to specifications provided by the Center. To minimize
fluctuations in flow rate due to boat motion, the intake and
exhaust hoses passed through a well near the center of mass of
the platform. The intake hoses drew water from a depthof 17 m,
and the exhaust hoses discharged water 1 m below the vessel. To
avoid chafing of these hoses against the well wall, they were
suspended from the "A" frame, and a toroidal bumper system was
attached to the suspending cable just above the bottom of the
well. To prevent thé intake hoses from flexing sharply below
the vessel and thereby causing them to fatigue, they were

reinforced with 1.2 m sections of 7.6 c¢cm, T22 discharge hose;

10



Lejuaw}4adxd OM3 3Yy3 jO U0 YiltM dwesy juoddns  °9 3IYNIIA

T

@) ® u

H3aLaw
MO1d ‘
sdanl ¢ ; gmosmo
NOdNOD

==

Giiva o
OF PC .-

1
=

lIoNIHOLINOW
/ H34SNVHL
H 1V3H NND
1 !
ml&
L . L
JNVH4 1HOddNS

11



FIGURE 7.

¢’ »
OF PUw.. ~—- -

EXPERIMENTAL TUBE ___'d & T 3 )
MODULES - :
1 ,
: :
' '
1 L
\

[ Al
UNIT § }.. ' :
: el POWER

T RATOR
'__ ,’GENE A‘{O S

___________

PUMP ASSEMBLY

CHLORINATOR

Schematic of flow system.

12

INLET HOSES EXHAUST HOSES —o




and to prevent them from swinging excessively beneath the
platform, the cable to which they were attached was weighted
with 227 kg of lead. The lead was hung 4.6 m below the intake
hoses by a 1.2 cm nylon line which had been substituted for the
last 9 m of cable so that there was no metal near the water
intake which might affect the results of the experiment.

The intake hoses were fitted with PVC strainers 0.9 m long
with a slit width of 0.47 cm. Biogrowth was removed from the
strainers by cleaning them underwater with a brush at least once
a montn.

Each experimental module (Figures 6 and 7) had an
independent flow system consisting ~f an intake hose, a pump,
the module and an exhaust hose. The modules consisted of four
parallel flow loops which insured that each flow path had the
same potential for biofouling. One loop contained a modified
Carnegie Mellon University heat transfer monitoring (HTM) device
mounted on a 2.54 cm 1.d. pipe. Units one and three were
mounted on 5052 aluminum pipes, while units twc and four were
mounted on ASTM grade 2 pipes. Modules one, two, and four had
corrosion samples in the remaining three flow paths. A Special
Heat Transfer Monitor (STM) was installed in one of the flow
paths in module three, so this module had corrosion samples in
only two of its flow loops. The STM 1is essentially the same as
an HTM but measures heat transfer in a single, rectangular flow
path from the Trane brazed aluminum heat exchanger (l11). A pair
of modules was vertically mounted back-to-back on a frame, and

each pair had a third, auxiliary pump to guarantee continuous

13



operation. Seawater velocity through the modules was controlled
manually by two ball valves in series and was maintained at
approximately 1.8 m/s. An electrolytic chlorinator was
installed between the pumps and module four so that all flow
loups in this module could be chlorinated.

In order to prevent metallic cortamination of the
circulated water, intake hoses were made of nylen reinforced,
flexible polyvinyl chloride (PVC) hose, all tube fittings and
fixtures were of PVC, and Marlowe chemical service pumps with
NORYL pump housings were used.

This was the second deployment of the LCU for seawater heat
exchanger investigations. Prior to this deployment, the intake
strainers and hoses were replaced and portions of the modules
which were not replaced were washed thoroughly with a brush and
detergent and then soaked in household bleach (NaClO). The HTM
pipes were scrubbed with detergent, soaked in bleach, and then

swabbed with trichloroethylene.

3.4 SHIPBOARD PROCEDURES. On board at all times were four

crewmen (one engineer, two seamen, and one cook) who maintained
a 24 hour watch and at least one member of the scientific staff.
In addition to normal shipboard responsibilities, the crewman on
watch was expected to check the experiment hourly to assure that

everything was functioning properly.

14



4. EXPERIMENTAL MATERIALS

A description of all materials tested is given in Table 1.

4.1 RFW TUBING. The roll formed and welded (RFW) tubes
were prepared by Gifford-Hill Corporation from sheet provided by
Kaiser Aluminum and Chemical Corporation. Dimensions of the
tubing were 2,54 cm (1 in) O.D. with 1.52 mm (0.06 in) wall
thickness. Alclad samples with nominal cladding thicknesses of
5% (actual measured cladding thickness of 0.076 mm or 0.003 in)
and of 10% (actual measured cladding thickness of 0.178 mm or
0.007 in) were tested (Figure 8). The longitudinal seam weld in
the RFW tubes was made by a fusion welding process and was
approximately 3.2 mm (0.125 in) wide. The weld seam was not

covered by 7072 cladding (Figure 9).

4.2 ZINC DIFFUSION PROTECTED EXTRUSIONS. The remaining

samples were prepared by The Trane Company. They were sections
of single water passages cut from 3003 aluminum extrusions used
in the fabrication of the Trane brazed aluminum heat exchanger,
The extrusions had rectangular cross sections with outside
dimensions of 2.576 cm (1.014 in) by 3.442 cm (1.355 in) with
0.305 c¢m (0.120 in) wall thickness. Chemical analysis of the
3003 extrusions 1s given in Table 2.

Since both tlux brazing and vacuum brazing processes are
commonly used in the manufacture of plate-fin heat exchangers,
samples were¢ exposed to either one or the other of these
environments. The extrusion samples were first subjected to the

time and temperature cycles used in the tlux braze or vacuum

15



Code
Bare 3004
7072-5%

Alclad

7072-10%

Alclad

FB-Bare

FB-ZN

VB-2ZN

FB ETCH
1 ZN

FB ETCH
1/2 2N

FB-ZN-FE

TABLE 1.

Type

Bare 37N4 alloy

7072 Alclad 3004
5¢ cladding

7072 Alclad 3004
10% cladding

3003 flux brazed

3003 flux brazed plus
diffused zinc

3003 vacuum brazed
plus diffused zinc

3003 flux brazed plus
diffused zinc and
etched to remoe zinc
rich surface

3003 flux brazed plus
diffused zinc with
approx. 0.5% zinc at
sur face

3003 flux brazed plus
diffused zinc, cont-
aining resicual iron

Description of materials

16

Processing

Roll formed and welded
tube

Roll formed and welded
tube

Roll formed and welded
tube

Processed through flux
braze cycle not plated

Processed through flux
braze cycle, zinc plated

Processed through vacuum
braze cycle (expcsed to
magnesium vapor), zinc
plated '

Processed through flux
braze cycle, zinc plated,
etched to level of 1-1.5%
zinc concentration

Processed through flux
braze cycle, zinc plated,
etched to level of
approx. 0.5% zinc conc.

Processed through flux
braze cycle, treated with
zinc plating process that
also deposits low concen-
tration of iron, etched

tested in corrosion study.



i@’rzz : : : ' o G, il
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Kellers, magnification 100X,

FIGURE 8. 7072 Alclad layers on 3004 RFW tube samples.
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FIGURE 9. Weld seam on the RFW tubes. The seam was
approximately 3.2 mm wide and was not covered by
Alclad. Etch - Kellers, magnification 20X.
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TABLE 2.

COMPOSITION OF 3003 EXTRUSIONS
USED TO PREPARE CORROSION SAMPLES

Content, Composition Specified
Elcment wer for 3003 Alloy
{anganese 1.20 1.0-1.5
Copper 0.07 0.05-0.20
Silicon 0.21 0.60 Max.
Iron 0.63 0.70 Max.
Zinc <0.10 0.10 Max.
Aluninum Balance Balance
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braze processes before being treated to produce three levels of
diffused zinc concentrations (Figure 10). Samples emerged from
the zinc diffusion process with a surface layer of about 45%
zinc, and a zinc concentration of approximately 2% at 0.013 mm
(0.0005 in) below the surface. The FB-ZN and VB-ZN samples were
tested in this condition. The FB-ETCH-1 2N and FB-ETCH-1/2 ZN
samples were chemically etched with Poulton's Etchant to remove
the high-zinc surface layer. These samples contained zinc
concentrations nea- 1% and 0.5%, respectively, at 0.013 mm
(0.0005 in) below the surface. The depth of zinc diffusion
expected to provide cathodic protection to the 3003 ranged from
about 0.25 mm (0.010 in) to 0.38 mm (0.015 in). Appearance of
the zinc diffused layer on etched cross sections is shown in
Figure 11.

The 2% zinc level in the FB-ZIN and VB-ZN samples was
expected to accelerate the corrosion attack of the diffused
layer and increase the understanding of the corrosion behavior
within the six-month test period. The lower zinc levels of the
FB-ETCH-1 2ZN and FB-ETCH-1/2 2ZN materials were expected to
produce lower corrosion rates.

The FB-ZN-FE samples (see Table 1) had similar zinc levels
to those of the FB-ETCH-1ZN samples but were treated with a zinc
plating process which also deposited a low concentration of
iron. This was not considered a candidate material, but was
included in the test at the suggestion of Mr. Frank LaQue,.
Since residual iron is known to lower corrosion rates of zinc

anodes, it was thought that this process might lower the
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corrosion rate of the diffused layer.

Bare RFW 3004 tubes and bare 3003 extrusions were included
in the test as a baseline for evaluating the effectiveness of
7072 Alclad and of the zinc diffusion process. The 7072 Alclad
also provided a baseline for evaluating the diffusion-zinc-
treated material.

Measurements of the corrosion potential of the zinc
diffused layer verses the 3003 alloy have confirmed that the
diffused layer is anodic to 3003 and should provide galvanic
protection to reduce pitting attack on the 3003 alloy. The
potential difference between the diffused layer in the FB-ETCH-
1ZN and 3003 ranges from about -70 mv at the surface to -10 mv
(measured in 5.3% NaCl + 0.3% H,0, solution) at about 0.25 mm

(0.01 in) below the surface.

5. SAMPLE PREP: RATION AND HANDLING

Kaiser weighed and prepared the 3004 RFW tubes and did the
weight loss determinations on those tubes. Tube samples were 51
cm long, and each had an identification number scribed on it
with a Vibrotool. The tubes were degreased with acetone, dried
and weighed to the nearest 0.001 g on an analytical balance. A
coating of Scotchn 1602 Spray Sealer was applied 4.5 cm from both
ends to minimize crevice corrosion at the fittings. To protect
the tubes from external corrosion from salt spray, the outside
surfaces were covered with shrink tubing or a wrap of vinyl
electrician's tape (done by UPR personnel).

Trane was responsible for preparation and weight loss



determinations of the 3003 extrusions., Extrusion samples were
46 to 51 cm long. They were cleaned with methyl ethv1l ketone
and weighed to the nearest 0.01 gram. Sample ends were coated
with an enamel sealer to minimize corrosion at the joints.
Samples were then covered with heat shrinkable polyolefin tubing
to prevent exterior corrosion.

In the flow loops, samples were joined together with molded
fittings made from RTV 630 (a silicone rubber compound
manufactured by General Electric) and did not come in direct
contact with each other. Duplicate samples of the FB-ZN, VB-2N
and bare 3004 were removed after exposure peciods of 5, 15, 30,
60, 105, 155 and 185 days. Single samples of the FB-BARE, FB-
ETCH-1 ZN, FB-ETCH-1/2 ZN, 5% Alclad and 10% Alclad were removed
after exposure periods of 5, 10, 30, 65, 105, 140 and 185 days.
In addition, a replicate set of samples of FB-2ZN, VB-ZN and
single samples of 5% Alclad and 10% Alclad were exposed to
chlorinated seawater. Following removal from the flow loops all
samples were immediately rinsed ia fresh water. The 3004 and
Alclad samples were shipped to Kaiser Aluminum and Chemical
Corporation and the 3003 extrusioun samples were shipped to The
Trane Company for weight loss determinations and examination.

When the 3004 tubes were returned from the test, the shrink
tubing or tape wrap was removed, and the spray sealant coat was
removed from the ends by soaking in warm methyl ethyl ketone,
followed by an acetone/MEK wipe. Tubes were cleaned by
immersion in 2% CrO3/5% H3PO, solution at 80°C ‘or 10 minutes,

as per ASTM G-1, rinsed in distilled water and acetone, and oven
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dried prior to weighing.

At Trane, the polyolefin sleeves were removed from the
samples and the enamel coating was stripped from the ends.
Samples were cleaned in chromic-phosphoric acid at 80°C for
eight minutes in accordance with ASTM G-1, "Preparing, Cleaning,
and Evaluating Corrosion Test Specimens." After the extrusions
were acid cleaned, they were rinsed and brushed in soapy water
by three strokes with a nylon brush and rerinsed. These
procedures successfully removed corrosion products from pits.
Samples were dried 24 hours at room temperature and weighed to
the nearest 0.01 gram. Average corrosion rates in mils per year

were calculated by the procedure given in ASTM G-1:

Average Corrosion Rate = K x W
A X TxD
where: K = 3.45 x 10
W = mass loss ingrams

A = exposed area in cm?

T = exposure time in hours

o
1}

2.74 gm/cc - density of 3003 or

2.72 gm/cc - density of 3004

Samples were then bisected longitudinally to expose the

interior surfaces which were examined visually to assess the

type and extent of corrosion. At this point, portions of the
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samples were exchanged between the two laboratories for
independent evaluation of the type and extent of corrosion.

At the Kaiser laboratory, sections were examined under a
low-power microscope, and macrophotos of representative samples
were taken with a Polaroid MP-3 industrial camera. Pitted
areas, where found, were examined in transverse metallographic
cross section under a high-power microscope. General surface
condition and the weld area were also examined in cross section.
The metallographic samples were etched for 30 seconds in 5%
HF/10% H,S0,4 to disclose the 7072 clad layer. Sections of the
Trane 3003 rectangular extrusions received by Kaiser were
examined and sectioned in a similar fashion,

At the Trane laboratory, sample surfaces were examined at
magnifications of 70X to determine the types and extent of
corrosion. Representative areas of samples were studied further
with a scanning electron microscope and x-ray spectrometer. Pit
depths were measured by an optical microscope by focusing at the
top and bottom of the pits and measuring the differential travel
of the microscope or by direct measurement from photomicrographs
of cross sections. Relationships between the corrosion and
microstructure were studied on mounted and polished cross

sections.
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6. FOULING RESISTANCE

Heat transfer was measured using modified Carnegie-Mellon
University (CMU) HTM's (Figure 12) and the STM. The HTM's were
acquired from the National Data Buoy Office which had made two
minor modifications to them: a) The pipe was moved lower in the
housing and the flow meter was attached to the bottom of the
housing where it could be easily removed to be cleaned or
replaced. b) The signal amplifier card, which had originally
been attached to the pipe inside the housing, was mounted in the
"T" so that it was more accessible in the event that repairs or
adjustments were needed.

The principle of the HTM "is to heat a segment of tube wall
slightly above the water temperature and then to observe its
cooling rate after the heat input is removed. The cooling curve
(versus time) is exponential, according to Newton's law of
cooling, with a time constant which is shown to be (apart from
small, calculable corrections) inversely proportional to the
heat transfer coefficient, h" (12). Cooling of the segment was
measured by a thermocouple. The HTM also included a Ramapo Mark
V strain gauge flow meter to monitor flow rates and a thermistor
to monitor water temperature., Signals from the thermocouple,
flow meter, and thermistor were amplified within the HTM. The
output from the HTM was carried by shielded cable to a control
box located in the data house. The control box, designed at CMU
(13), multiplexed the three signals and output them to a
computor at two second intervals, Data were stored on a

magnetic disk.
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In the data analysis, a time constant was calculated for
each cooling curve using a weighted, least-squares-fit program.
The time constant along with physical parameters (flow rate,
water temperature, tube dimensions, thermal conductivity, etc.)
was used to calculate a normalized inverse heat transfer
coefficient (1/h). The fouling resistance (Rg) was defined as
1/h minus the 1/h value calculated on the first day (l/ho).

For major runs, made at seven to ten day intervals, one
day's data for a unit consisted of at least ten cooling curves,
of which eight were analyzed. At least one progress run,
consisting of five cooling curves of which four were analyzed,
was made between each major run.

Flow-meter and thermistor calibrations were verified when-
ever a major run was made. Flow meters were calibrated by
measuring the fill time of a 38 liter bucket. Zero-flow voltage
readings were taken at least twice during each run. Biofouling
of the flow meter element was not a problem, but bivalves and
serpulid worms did grow in the channel through which the strain
gauge passed. This affected the calibration of the flow meters,

so periodically it was necessary to disassemble and clean them.

7. CLEANING PROCEDURES.

When the fouling resistance exceeded 8.8 x 1073 m2—°K/w (5
x 1074 ft2-hr-9F/Btu) the units and corrosion samples were
cleaned manually with nylon bristle brushes . (The HTM's were

used to estimate fouling resistance in the RFW tubes and the STM
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was used to estimate fouling resistance in the extrusion
samples.) To minimize abrasion of the sample surfaces, only
four brush passes wcure used in cleaning. This resulted in about
a 75% reduction in fouling resistance in the HTM's and, because
a larger brush was used to clean the STM, about a 95% reduction
in fouling resistance in the STM. After the first 60 days of
the experiment, cleanings were performed at 10 to 20 day
intervals on the RFW tubes and at approxiratly 20 day intervals
on the Trane extrusions.

Module 4 was chlorinated once a day for 28 minutes at a
level of 0.5 ppm. The fouling resistance in this module
remained essentially at zero for the entire six months of the
experiment, therefore chlorinateda samples were never brush

cleaned.

8. MACROFOULING.

At the end of the experiment, the flow systems of units one
(unchlorinated) and four (chlorinated) along with one intake
strainer were dismantied. All macrofouling organisms
~ncountered were pieserved in formaldehyde for later analysis.
In the laboratory, speciments were sorted and identified, and

tueir wet weights (blot dried) wer2 determined.

9. CORROSION RESULTS AND CONCLUSIONS

Corrosion results and conclusions from the Kaiser and Trane

Laboratories are presented here independently.
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9.1 KAISER

9.1.1 WEIGHT LOSS RESUCLTS. Table 3 summarizes the

weight loss results for the RFW tubing. Most of the tubes
showed varying degrees of salt spray attack on the outside
surface at the ends and under the tape/shrink tube cover.
Therefore, the true weight loss and hence, corrosion rate
values, will be somewhat lower than reported, though probably
not by more than a few percent.

Figure 13 displays the data graphically, plotting average
corrosion rate (averadgc of duplicate samples) as a function of
time. 1Initial corrosion rates (after five days) ranged from
0.305 mm/yr (12 mils/yr) for the bare 3004 tubing to 0.432 mm/yr
(17 mils/yr) for the 10% Alciad tubing. The corrosion rates
dropped rapidly, converged after 30 days to 0.076 mm/yr (3
mils/yr) and decreased steadily thereafter. All three types of
3004 RFW tubing reached an average corrosion rate of aktout 0.015
mm/yr (0.6 mil/yr) when the test was termi-ated afcer 185 days.

The resuz2lts demonstrate no effect of intermittent
chlorination on corrosion rate (no bare Alclad types were tested
in the chlorinated loops), nor was there any consistent increase
in weight loss due to intermittent brushing.

The mode of corrosion was uniform surface attack, with
pitting observed in only two of the 42 tubes tested (see below).
The maximum weight loss observed on any of these tubes, about
1.0 g, converts to a loss of about 0.010 mm (0.4 mil) of tube
thickness (i.e., less than 1 & of total wall thickness) rfor this

six~month exposure. assuming uniform attack.
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FIGURE 13, Corrosion rate vs time, RFW tubes in
seawater flowing at 1.8 m/sec.
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Table 4 displays the average corro..on rates in mils/yr for
the six varieties of Trane extrusion as reported by their
laboratory. The values are averages of replicates, grouping
together both chloriated and unchlorinated exposure. These data
are combined with the RFW results from Table 3 and displayed in
Figure 14, which summarizes the cotrosion rate vs. time behavior
for all samples studied.

The RFW tubing (both bare and Alclad) values are displayed
as points, and the values for the various Trane 3003 extrusions
(with and without 2zZn-diffused surface treatment) are displayed
as triangles. The graph shows a wide spread of initial
corrosion rates after five days, from 0.076 mm/yr (3 mils/yr)
for the Trane FB-Etch-1 Zn to 0.508 mm/yr (20 mils/yr) for the
Trane FB-IZIN-FE. With the exception of the Trane FB-2ZN-FE
tubing, the corrosion rates converge rapidly thereafter to a
narrow spread of 0.013 to 0.018 mm/yr (0.5 to 0.7 mil/yr) after
185 days exposure. Thus, for the six-month period of exposure,
the data show that bare and Alclad RFW tubing and the zinc
protected tubing were all comparable in corrosion resistance.
The Trane zinc-diffused plus iron material (FB-ZN-FE, open
triangles on the graph) was susceptible to intergranular
corrosion and appeared to corrode at a rate roughly twice the
others.

Figure 15 is a comparison of the corrosion rate vs. time
results for the bare 3004 RFW (as reported by Kaiser) and the
bare 3003 rectangular extrusions (reported by Trane). The very

close superimposition of the curves validates the cleaning,
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Average Corrosion Rate, mils/yr
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FIGURE 14, Corrosion rate vs. time, all
aluminum samples.
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Average Corrosion Rate, mils/yr
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FIGURE 15, Comparison of corrosion rates of bare

3003 and bare 3004 tubing in seawater
flowing at 1.8 m/sec.
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weighing and calculation procedures between the two different
laboratories, as one would expect these two bare alloys to
corrode at essentially identical rates. It also suggests that
the tube geometry (circular vs. rectangular cross section) had

no effect on corrosion rate in this test.

9.1.2 SURFACE EXAMINATION

9.1.2.1 RFW TUBING. Figure l6a-c displays macro-

photos of the inner surfaces of the three types of RFW tubing
exposed for 185 days. Figure 1l7a-c displays 2X photos of the
same tubes in the weld area. These samples typify the surface
condition of all RFW tubes tested. Corrosion was uniform, with
pitting observed in only two of the 42 tubes. There was no
selective attack of the weld or heat-affected zone, and no
evidence of cavitation or erosion-corrosion. Figure 18 displays
100X metallographic cross sections of the three types of RFW
tubes after 185 days exposure, showing smoothly corroded
surfaces and the absence of pitting.

Pitting was observed in two instances, both Alclad tubes.
Tube C-6 (10% Alclad), exposed for 65 days to chlorinated
seawater, had three pits near one end. A cross section of the
deepest pit is shown in Figure 19a. The pit is 0.119 mm (4.7
mils) deep and confined to the 707Z clad layer. Figure 19b
shows a cluster of pits observed near one end of tube B-30,
exposed for 90 days to chlorinated seawater. The deepest pit is
shown in cross section in Figure 19c. Depth was 0.061 mm (2.4

mils), and again the pitting was confined to the clad layer.
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a. Bare 3004 (A-23)

32 brush passes

b. 5% Alclad 3004 (B-
29) Chlorinated

c. 10% Alclad 3004
{C-111) 32 brush
passes

/ ” »
FR———————pT v T2 L b s e R R e e

FIGURE 16. Surface appearance, RFW tubing, 185 days exposure.
Magnification 0.6X.
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a. Bare 3004 (A-23)
32 brush passes
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b. 5% Alclad 3004 (B-
29) Chlorinated

c. 10% Alclad 3004
{C-11) 32 brush
passes

iitdasi

FIGURE 17. Surface appearance, RFW tubing, 185 days exposure,
weld line, flow direction: left to right.
Magnification 2X.
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FIGURE 18. RFW tubing, 185 days exposure, typical cross sections.
Magnification 100X.



10% alclad 3004
{C~6) Transverse
cross section 65
d. chlorinated

Deepest pit of
three pits
observed

Pit depth - 4.7
mils. Pitting is
confined to 7072
clad laver.
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5% Alclad 3004 (B~
30)

90 d., chlorinated

Cluster of pits
near one end of
tube,
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section deepest
pit in (b} above

Pit depth -~ 2.4
mils. Pitting is
confined to 7072
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FIGURE 19. Pitting in RFW tubing. Magnification 200X.
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The 2.54 cm (1 in) o.d. RFW tubes tested in this program
were produced on prototype tooling using a heliarc welder. This
metnod of fabrication produced crack fissures at the weld metal-
tubing (or cladding) interface, typically 0.127 to 0.254 mm (5-
10 mils) in length as shown in Figure 20a. Although these
cracks might be expected to act as crevices, no selective attack
was observed along the fissures in any of the tubes tested, as
exemplified by Figure 20a. it should be noted, however, that on
a production basis, tubes of this type would be fabricated using
a high frequency AC induction welding met..od. This method
produces a much narrower weld zone, and cracking at the weld
edges does not occur. Figure 20b is a cross section of an
induction weld produced on a 7.6 cm (3 in) o.d. Alclad 3004

tube, in which weld line cracks are absent,

9.1.2.2 TRANE EXTRUSIONS. Although Figure 14
demonstrates that all Trane materials except the FB-ZN-FE type
exhibited comparable corrosion rates after six months exposure,
there were marked differences in the mode of surface attack.
The flux-brazed bare 3003 samples corroded uniformly, without
pitting. The two low-zinc etched types (FB-ETCH-1/2 2N, FB-
ETCH-1 ZN) showed occasional shallow, scattered pitting, but the
surface appearance overall was similar to that of the bare 3003.
The FB-ZN type (2% 2ZN at the surface) showed more frequent
shallow pitting, the pits strung out longitudinally. The VB-2N

type was more susceptible to pitting, with longitudinal grcoving

of the tube, often more severe along the bends ana at tue tube
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ends. The FB-ZN-FE type, which exhibited the highest corrosiun
rates throughout, had the roughest surfaces, as this variety was
slightly susceptible to intergranular attack.

' Figure 2la-d displays macrophotos of four variciies of the
Trane extrusions after 185 days exposure, and Figure 22a-c
displays 2X photos of typical surface condition for the three
zinc p'.tected types most susceptible to pitting attack. Figure
23a-d displays transverse metallographic cross sections of four
of the Trane extrusions. Note particularly the bro d, deep

(0.198 mm or 7.8 mils) pitting in the VB-ZN sample, and the

intergranular attack in the FB-ZN-FE variety.

9.1.3 CONCLUSIONS

1) Average corrosion rates of various types of bare,
Alclad and diffused zinc protected aluminum tubing converged to
a low value of about 0.015 mm/yr (0.6 mil/yr) after siv ~onths
exposure to seawater flowing at 1.8 m/sec (6 fps).

2) No pitting was observed in either bare 3003 or bare
3004 aluminum after six months exposure to 1.8 m/sec seawater.

3) Pitting which did occur in the Alclad or zinc-protected
tubing did not penetrate to the becse metal after six months
exposure; hence the efficacy of the corrosion protection
afforded by these anodic layers could not be determined in this
test.

4) There was no selective attack of the weld metal or heat
atfected zore in the RFW tubing.

5) The diffused zinc material which contained ¢ in the
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zinc-rich layer (Trane FB-Zn-Fe) was susceptible to inter-
granular corrosion and corroded at a higher rate than the other
materials,

6) Blofouling countermeasures (intermittent chlorination
or brushing) did not affect the corrosion rate or type of attack

on the materials studied.

9.2 TRANE

9.2.1 ALL MATERIALS. Corrosion rates of samples

exposed to unchlorinated sea water are shown in Fiqure 24 and
are given in Table 5. As shown in Figure 24 corrosion rates of
all the aluminum materials varied widely after 5 days but
converged rapidly to a narrow range after about 30 days.
Corrosion rates of all the materials declined to 0.013 to 0.025
mm/yr (0.5 to 1.0 mil/yr) after 185 days exposure. This marked
decrease in corrosion rates with increasing exposure time is in
good agreement with previous tests on sea water corrosion of
aluminum alloys. Corrosion data for FB-ZN-FE material were not
included in Figure 24 because average corrosion rates 4o not
properly represent this material that had significant inter-
granular corrosion.

The data in Figure 24 for Bare 3C03 and Bare 3004 deter-
mined by Trane and by Kalser, respectively, are in excellent
agreement. This agreement shows that procedures used by the two
laboratories produced comparable results.

Figure 24 also shows that corrosion rates of all the

materials were not affected by periodic brushing to remove
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TABLE 5.

WEIGHT LOSS AND CORROSION RATES MEASURED
ON SPECIMENS AFTER EXPOSURE IN SEA WATER
FLOWING AT SIX FEET PER SECOND

SAMPLE EXPOSURE, WEIGHT LOSS, AVERAGE CORROSION RATE,
IDENTIFICATION DAYS GMS MPY

FB-BARE 3003

GF-18-1 5 0.47 11.7

8 10 0.53 6.6
GF-14 30 0.82 3.4

7 65 0.61 1.2
GF10-1 105 0.81 1.0
GF10-2 140 0.93 0.8

11 185 0.85 0.6

FB-ZN

F12-3 5 0.46 g.3
GF8-3 5 0.39 9.7
GF20-4 5 c1(a) 0.42 10.5
GF12-3 5 c1(a) 0.41 10.2
GF16-2 15 0.79 6.6
GF16-1 15 0.52 4.3
GF4 15 c1(a) 0.57 4.7
CF14 15 c1(a) 0.40 3.3
B16-2 30 0.45 1.9
GF2-2 30 0.80 3.3
F10-4 30 c1(a) 0.80 3.3
F4-2 30 c1€a) 0.50 2.1
AF20-1 60 0.72 1.5
GF18-3 60 0.55 1.1
AF18 60 c1(a) 2.04 4.2
GF16 60 c1(a) 1.25 2.6
CFl4-] 105 0.70 0.8
GF20-3 105 0.80 0.9
GF8 105 c1(a) 0.63 0.8
CF20 105 c1(a) - -
GF10-3 155 1.01 0.8
CF20-3 155 0.8 0.6
GF12 155 c1(a) - -
GF2-1 155 c1(a) 0.84 0.7
Fl4-4 185 0.61 0.4
GFb 185 0.63 0.4
GF20-2 185 c1(a) 1.02 0.7
GF2 185 c1(a) 0.72 0.5

w
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SAMPLE EXPOSURE, WELIGHT LOSS, AVERAGE CORROSION RATE,

IDENTIFICATION DAYS GMS MPY
VB~ZN
AV2 5 0.74 18.5
AV20-1 5 0.85 21.2
AV14-1 5 c1(a) 0.52 13.0
AV2-1 5 c1(a) 0.98 24.4
v8-1 15 0.31 2.3
V14-2 15 1.15 8.6
DV12-2 15 c1(a) 0.72 5.4
V18 15 c1(a) 0.57 4.3
AV16 30 1.14 4.7
AV20 30 0.79 3.3
AV14 30 c1(a) 0.93 3.9
AV12 30 c1(a) 1.52 6.3
pvi2 60 0.86 1.6
DV20-3 60 0.79 1.5
DV4-2 60 c1(a) 2.39 4.5
Vi4-1 60 c1(a) 0.70 1.3
DV2-2 105 1.26 1.3
V10-2 105 1.13 1.2
v18-2 105 c1(a) 0.71 0.8
DV20-2 105 c1(a) - -
AVE 155 2.24 1.8
Vi8-1 155 0.75 0.6
v10-1 155 c1(a) - -
DV2 155 c1(a) - -
AV10 185 1.68 1.1
AV16-1 185 1.37 0.9
AV16-2 185 c1(a) 2.87 Sample Not Clean
AV8 185 c1(a) 1.2 0.8
FB-ETCRB-12ZN
CFl4-2 5 0.13 3.2
BF2-3 10 0.26 3.2
AF8-3 30 0.41 1.7
CF4-3 5 0.6 1.3
F12-2 105 0.6b 0.8
GF6-3 140 0.83 0.7
CF20-1 185 0.96 0.7
FB~ETCH-1/2ZN
AF8-R 5 0.17 4.2
BF8-R 10 0.48 6.0
BF6-R 30 0.38 1.6
F16-R 65 0.62 1.2
BF2-R 105 0.67 0.8
BF8-R 140 0.76 0.7
F4-R 185 0.70 0.5
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SAMPLE EXPOSURE, WEIGHT LOSS, AVERAGE CORROSION RATE,
IDENTIFICATION DAYS GMS MPY
FB-ZN-FE
F16-3 5 0.83 20.7
AF6-1 10 1.35 16.8
GF18-2 30 1.28 5.3
BF4-1 65 1.83 3.5
Fl4-3 105 1.37 1.6
Fl4-2 140 2.38 2.1
F10-2 185 1.81 1.2
Bare 3004
Alb 5 0.389 11.7
A7 5 0.400 12.0
Ab 15 0.445 4.5
A21 15 0.454 4.5
A8 30 0.497 2.5
A6 30 0.490 2.5
A9 60 0.549 1.4
Al7 60 0.538 1.3
Al2 90 0.612 1.0
All 90 - -
A2 155 0.707 0.7
A28 155 0.709 0.7
A27 185 0.763 0.6
A23 185 - -
5% Alclad 3004
B11 5 0.517 15.5
B24 5 c1(a) 0.437 13.1
BS 10 0.581 8.7
B4 10 c1(a) 0.557 8.4
Bl 30 0.571 2.9
B23 30 c1(a) 0.515 2.6
3 65 0.698 1.6
B26 65 c1(a) 0.693 1.6
B25 90 0. 649 1.1
B30 90 c1(a) 0.679 1.1
B28 140 0.729 0.8
B8 140 c1€a) 0.728 0.8
B7 185 0.796 0.6
B29 185 c1(a) 0.758 0.6
10% Alclad 3004

c19 5 0. 635 i9.0
c7 5 c1(a) 0.478 14,4
c3 10 0. 846 12.7
€25 10 c1(a) 0.892 13.4
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SAMPLE EXPOSURE, WEIGHT LOSS, AVERAGE CORROSION RATE,
IDENTIFICATION DAYS GMS MPY
c10 30 0.636 3.19
c13 30 c1(a) 0.494 2.45
clé4 65 0.905 2.08
cé 65 c1(a) 0.921 2.3
c8 90 0.942 1.6
c27 90 ci(a) 0.907 1.5
c12 140 1.003 1.1
c5 140 c1(a) 0.992 1.1
cll 185 0.764 0.6
c30 185 cl(a) 0.737 0.6

(a) Sample was exposed to sea water chlorinated to 1/2 ppm for 28 minutes

per day.
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biofouling. Samples were bruched at about 20 day intervals
after 60 days of exposure. Apparently, protective oxides on the
samples were not removed by the brushing .reatment which was
used to maintain thermal resistance within the limits of 1.7 x
1072 to 8.8 x 1072 m2-°K/W (1 x 10~4 to 5 x 10~4 £ft2-hr-°F/Btu.
Similarly, corrosion rates of the 3003 with diffused zinc
and of 7072 alclad 3004 materials were not affected by chlor-
ination at 0.5 ppm for 28 minutes per day to prevent biofouling

as shown in Figure 25.

9.2.2 3003 WITH DIFFUSED ZINC. Corrosion rates for

samples with diffused zinc are shown on an expanded corrosion
rate scale in Figure 26. As shown in Figure 26, initial
corrosion rates for the FB-ZN material were significantly higher
than corrosion rates for the FB-ETCH-1/2 ZN and FB-ETCH-1ZN
materials. However, corrosion rates for all three materials
declined to similar low values after about 40 days exposure.
The higher corrosion rate for the FB-ZN material probably
resulted from increased corrosion of the surface layer with
about 45% zinc and from slightly more pitting attack compared
with the etched samples. That the samples with diffused zinc
contents ranging from less than 0.5% to about 2% near the
surface corroded at similar rates after extended exposure time
shows the rate is insensitive to zinc content in the range
studied, (However, after pits penetrate the diffused zinc layer
subsequent corrosion rates of the layer by galvanic action will

probably depend on the zinc concentration).
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Corrosion rates for the VB-ZN material were slightly above
rates for the FB-ZN materials for all exposure times. However,
the difference in corrosion rates is not considered cufficiently
great to preclude use of the vacuum brazing process for
fabricating heat exchangers. Cause of the slightly higher
corrosion rate for the vacuum brazed material was not
determined.

The apparent corrosion rate .urve for the FB-ZN-FE material
is included in Figure 2€ to illustrate that apparent corrosion
rates for the zinc diffused layer with low iron content were
significantly above rates for the FB-ZN material with a similar
zinc concentration but without addition of iron. Low iron
content in the diffused zinc layer in aluminum did not retard
sea water corrosion as residual iron in zinc anodes does.

Types of corr»osion present on the 3003 extrusion samples
are summarized in Table 6. Corrosion on samples after 185 days
exposure are shown in Figures 27-44. The 3003 alloy samples
without diffused zinc corroded by uniform attack. While some
areas exhibited slightly localized attack after 185 days
exposure, no pits were present. Some pitting attack was present
on most samples of 3003 alloy with diffused zinc after all
exposure times. The pits were generally shallow and showed some
preferential alignment in the flow direction. None of the pits
prupayated iwcie tuawn avout hal® ay through the diffused zinc
layer. The depth of pits, 0.051 to 0.178 mm (0.002 to 0.007
in), was about the same after B8 days and after 185 days of

exposure. The number of pits and width of pits increased with
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TYPES OF CORROSION AND MAXIMUM PIT DEPTHS
ON SPECIMENS AFTER EXPOSURE TO SEA WATER
FLOWIKRG AT SIX FEET PER SECOND

TABLE 6.

SAMPLE EXPOSURE, MAX. PIT
IDENTIFICATION DAYS TYPES OF CORROSION DEPTH, IN.
FB-BARE
GF18-1 5 General 0.0007
8 10 General -
GF14 30 Slight local 0.0005
7 65 Slight local -
GF10-1 105 Slight local -
GF10-2 140 Slight local 0.0009
11 185 Slight local -
FB-2N -

F12-3 5 Pitting 0.006
GF§-3 5 Slight pitting -
Gr20-4 5 cl Sligh<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>